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INVESTIGATIORN OF THE FLOW THROUGH A SINGLE-STAGE
TWO-DIMENSIONAL NOZZLE IN THE iANGIEY
11-INRCH HYPERSONIC TUNNEL

By Charles H. Mclellan, Thomas W. Williams,
and Iven E. Beckwith .

SUMMARY

Fiow surveys have been made in the second of several nozzles to be
investigated in the Langley ll-inch hypersonic tunnel. The single-stage,
two-dimensionasl nozzle was designed by the method of characteristics for
a Mach number of T.08 without boundary-layer corrections.

The test results show that reasonably uniform flow at an average
Mach number of sbout 6.86 was obtained in & central region of the stream
at the test section. This region had a cross section nearly 5 inches
squere and had a deviation from uniform flow of less than 1 percent in
Mach number and 0.3° in flow angle. An increase in Mach number of
about 3 percent occurred during test runs of about 60 seconds duration
because of distortions of the boundaries at the first minimm due to
nonuniform heating of the nozzle blidcks during the tests.

IRTROLUCTION

The increase in operating speeds and altitudes of pilotless aircraft
has created a need for basic aerodynamic data 1n the hypersonic speed
range. In order to provide such data and also to investigate the prob-
lems involved in generating uniform hypersonic flows, an ll-inch hyper-
sonic wind tunnel has been placed in operation at the Langley Aeronautical
.Laboratory.

Two of several proposed nozzle designs for this tunnel have been
tested: a two-stage, Mach number 6.98 nozzle and a single-stage, Mach
number 7.08 nozzle. The characteristics of the two-~stage nozzle are
presented in reference 1. The present paper is concerned with the
8 e-stage nozzle; the results of the calibration surveys are presented
and some of the problems and pecullarities of this nozzle are discussed.
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SYMBOLS
M Mach number -
Po settling-chamber pre_.s‘sui'e
Ty settling-chamber temperature, degrees Rankine
To' local stagnation tt;mperature, degreesg Rankine
P stream static preésure
Py wall static pressure
Pt ‘ measured impact pressure
€n flow angle in horizontal plane, positive in direction of

increasing Y

€y flow angle in vertical plane, positive in direction of ,
increasing 2

y ratio of specific hegts (1.400 used throughout)

iY,Z coordinate axes

&* boundary-layer displacement thickness

APPARATUS

Genersl descripticn.- The tunnel and equipment used in the operation
of this nozzle have been described in detsil in reference 1. Briefly,
the tunnel 1s of the intermittent type with a high-pressure tank and g
vacuun tank of capacities of 400 and 12,000 cubic feet, respectively. A
heat exchanger i1s used to provide stagnation temperatures up to 1300° R,
The hest exchanger used in the present tests incorporsted steel tublng
in place of the copper tubing previcusly used. The copper-oxide scale
mentioned in reference 1 was thus eliminated, .

A varisble-area supersonic diffuser has been installed since the
completion of the tesis wilth the two-stage nozzle. Its effect on the
operation of the tummel is to increase the length of a typical run from
about 30 seconds t0 a meximm of about S0 seconds.
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Another change affecting the operation of the tunnel is the instal-
lation of a pressure regulator valve upstream of the heat exchanger.
The valve could be set so as to maintain a constant setiling-chanber
pressure throughout a run in the range from spproximately 2 to 28
atmospheres.

Nozzle.- The nozzle contour was designed by the method of character-

istics. No correction for boundery layer was made, The characteristics
net for the nozzle was designed to expsnd the flow in +wo dimensions to
a Mach mmber of 7,08. The test section was 10.51 inches high, and thus
the first-minimm or throat height was 0.096 inch. The width of the
nozzle was 9.95 Inches. A viey of the nozzle with the side plate
removed is given In figure 1, which illustrates the small relative size
of the throat. The usual method of design was used, wherein the arbi-
trary part of the nozzle contour was formed by a faired curve through
the midpoints of 1% straight-line wall increments. Each increment was
turned 2° outward with respect to the preceding one and had a fixed
projected length of one-half the throat height. The calculated contour
ordinates are given In table I.

The nozzle blocks were machined €0 an accuracy of the order of
0.001 inch; however, a permanent warpage of the nozzle blocks of gg much
as 0,005 inch has since been observed., The nozzle is of fabricated
construction as shown In figure 2. The support members and side plates
are mede of plain carbon steel but the contoured walls are of stainless
steel to avold corrosion,

»

INSTRUMENTATION

The Instruments used for obtaining the flow measurements in this
nozzle are in most respects the same as those used In the two-stage
nozzle (reference 1). Further discussion as to the accuracy of the
pressure recording instruments is desirable herein, however, because of
the lower range of operating pressures.

The meximm error of the pressure cells can be held to 0.01 inch
of deflection with careful calibration and use, Full-scale deflection
from all cells is approximately 2 iInches; therefore, the accuracy of
any particuler reading depends on the range of the cell used and the
pressure measured. The lowest range and hence the most accurate low-
pressure cell available at this time is one with a range of 0 to 0.8 inch
of mercury. This type of cell is accurate to 2 percent at the range of
static pressures normselly encountered in the test section. More accurate
Instruments cannot be used because of the short durations of the runs
and the variations in flow conditions with time,

- re s oam B = i g g = ——— e _—————
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METHODS AND PROCEDURES

Wall pressures.- Wall pressures slong the nozzle are obtained from
0.025-inch-diameter orifices in the side-wall plates. Standard g -inch

brass fittings and copper or neoprene tu:bing are used to transmit the
wall pressures to the instruments,

Stream sta:t;ic pressures,- Stream static pressures are measured with

“"needle®™ probes., The probe consiste .of a cone-cylinder body 1/8 inch in
diameter with four pressure. orifices 0.025 inch in diameter drilled 90°
apart around the periphery of the cylinder, In order to determine the
best probe proportions, an investigation was made of the effect of
orifice location and cone angle oOn the pressures measured, Theoretical
calculations at a Mach mumber of 6.75 and for an included cone angle of
20° showed that the surface pressure on the cylinder was 93 percent of
stream pressure gt 16 diameters from the apex of the cone. Experimental
results showed that with an included cone angle of 10° no measursble °

. difference in surface pressure could ‘be obtained from 8 ‘to 40 diameters
from the apex. Varietion of the cone angle from 10° to 40° produced no
change in pressure gt 16 diameters from the apex, However, the measured
pressure was sensitive to the distance of the orifices from the probe
support strut. Satisfactory results were obtained with the orifices
located a minimm of 16 diameters from the support strut.

The tests indlicated that a probe with an orifice location of
16 diameters from the apex and 30 diameters from the strut and an
included cone angle of 10° will measure stream static pressures within
the accuracy of the pressure instruments. These probe proportions were
used on the static survey rake Jllustrated in figure 3. The leadout
tubes to the pressure cells are about 3 feet long and have an inside
diameter of 1/8 inch.

The time response of this system 1s less than 10 seconds for a
change in pressure from 2 inches of mercury to within 2 percent of a
final constant value of 0.2 inch of mercury. The effect of lag was
minimized by evacuating the nozzle and pressure instruments t0 less than
2 inches of mercury before a run.

The cen-t;er-line survey of the stream static pressures was made with
a single-needle prcbe, The needle itself is about l2 times larger.than

but has approximstely the same proportions as those on the static rake,

Impact pressures., - The iImpact-pressure surveys were made with a
rake similar to the sta.tic-pressure rake in figure 3. The static tubes
shown, however, were cut off square 3/L inch from the leading edge of
the rake to form impact-pressure tubes. The diameter of the opening in
the end of the tubes is one-~balf the outside dlemeter of 'the tubes.
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Stagnation temperature.- The stagnation-temperature surveys were

made with the temperature probe described in referemce 1. Although the
temperature measured by this probe mey be as much as 2 percent lower

. than the true stagnation temperature, comparative values in a survey
should be much more asccurate.

Flow angles.- A 10° wedge of 9-inch span and 2-inch chord was used
to measure flow sngles. The wedge has seven pairs of opposing orifices
1 inch from the leading edge and 1 inch apart. The difference in
pressure across the opposing orifices and the local. Mach mumber from
the static-~ and impact-pressure surveys were then used to calculate the
local flow angle,

OFERATING CONDITIONS

For the purpose of making calibration surveys of the nozzle certain
operating conditions -are held to close limits, The settling-chamber
temperature is maintained above 1100° R to avoid the possibility of
liquefaction of the air in the test section. The maximum dew point is
400° R at a pressure of 1 atmosphere. Progressive changes in flow param-
eters have bheen found to occur if both of these conditions were not
satisfied.

\

The stagnation conditions for a typical run are shown in figure &,
The settling-chember pressure po 18 held constant by the pressure
regulating valve after the first 5 seconds of running time, The
settling-chamber temperature To 1s essentially constant for the last
30 seconds of the run. This figure also shows the variation with time
of the streem static and impact pressures in the test section.

The test Reynolds number per foot of length 1s relatively high
because of the high velocity and the low viscosity. At the test section
the Reypolds number per foot i1s about 3 X 106 for a stagnation pressure
of 25 atmospheres,

RESULTS AND DISCUSSICN

Veriztion of flow properties with time.- The results of a typical
run show that the stream static and impact pressures in the test section
decrease with time. This effect was present in ell stream pressure data ’
obtained and in most of the wall static-pressure data ahead of the test
section.

— .- I ,-_r P atiatiiie ™ e, —r— - O T T P U p———
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The pressure changes indicate about a 3-percent increase in stream
Mach nmumber during the time interval from 10 to €0 seconds. The
pressures measured in the portion of the run from 0 to 10 seconds must
be largely ignored because of the rapidly changing conditions and because
of instrument lag.

The changing flow conditions in the stream can be accounted for by
an inward movement of the effective boundary at the throst. Because of
the slitlike configuration of the throat a small change in its dimen-
sions results in a relatively large percentage change in its area. Thus
an Inwvard movement of both the top and bottom effective boundaries of
about 0,006 inch changes the effective one-dimensional area ratio enough
to Increase the Mach mmber by 3 percent.

Measurements show that the nozzle blocks have taken a permanent set
in the region of the throat. The largest deflection is in the center of
the blocks such that the throat opening is somewhat oval-shaped with an
average increase in the Z-ordinate of 0.004 inch. The large stresses
necessary to cause this permanent set probably originated from the non-
uniform heating of the blocks during a run., Since these temperature
stresses are of sufficient magnitude to cause a permenent set, it seemed
reasongble to expect measurable deflections during a run. Accordingly,
several dial indicators were set up along a line parallel to the Y-axis
at X = 0. The indicators were arranged to bear at polints sbout 1/2 inch
from the inside surface of the nozzle contour as shown in figure 2,

Three indicators were located at the top and three at the bottom of the
nozzle. In order to show any relative change in the throat opening, all
s8ix indicators were mounted on the same frame which was suspended from

a single point at the top of the nozzle. At a stagnation temperature of
1150° R, the measurements showed that both the top and bottom surfaces
were warping imward at the rete of about 0,001 inch every 10 seconds at
Y = 0. At the side walls the deflection decreased to essentially zero.
At 60 seconds the Z-ordinate in the throat at Y = 0 was about 0,002
inch less than the design value of 0.04T9 inch, During the time interval
from 10 to 60 seconds the throat area thus decreased from approximately
0.508 to 0.461 square inch. Within the accuracy of the data, this change
is sufficient to account fully for the increase in Mech number with time
observed in the test section., At a stagnation temperature of 530° R no
measurable deflection was obtained and the pressures "In the test section
were constant throughout the run (except for lag effects).

Another poseible contributing factor for a part of the Mach number
variation with time is an increase in boundary-layer displacement thick-
ness 5% as the inside surfaces of the nozzle blocks become heated
during a run. Estimates based on simplified methods of boundary-layer
calculation with no heat transfer indicated, however, that the boundary
layer in the throat was so thin that even if it were decreased by
100 percent the change in the effective throat area would be small
compared with the chenges caused by warpege of the nozzle blocks.
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Variation of flow parameters with settling-chamber pressure.- Stream
pressure surveys were made at (55.8,0,Z) through s range of settling-
chamber pressures from 25 to 3 atmospheres. The stagnation temperature
was maintained sbove 1110° R. The averages of the pressure ratios at
several vertical stations are plotted in figure 5 as functions of p,.
The Mach mmber as cbtained from p;/py 1s also plotted. The figure
shows that the change in the static- and impact-pressure ratios is such
that the ‘Mach number is almost constant down to & value of p, of
12 gtmospheres., Below 12 stmospheres the pressure ratios incresse more
rapidly and indicate that the Mech mmber decreases to sbout 6.2 at
Po = 3 atmospheres. The exact decrease in the Mach number is not
certain because of the difficulty of cbtaining accurste measurements of
the static pressure over the lower range of settling-chamber pressure.
Measurements of shock angles from the static probes, however, result in
g Mach nurber decresse of about the same magnitude as obtained from
pressure data., It is thus fairly certain that the average stream Mach -
number at p, = 3 atmospheres is between 6.00 and 6,40, Comparison of
these values with the isentroplc Mach number from the impact-pressure
data, for example, shows that a total-pressure loes of about 20 percent
occurs for the initial stagnation pressure of 3 atmospheres. A poesible
cause for this totasl-pressure loss is a series of compression waves
which appear to exist at the low pressures., The presence of these waves
was Indicated by the type of static-pressure distribution obtained st
low densities., The impact-pressure distributions showed that the
boundary lsyer in the test section had not thickened apprecisbly at the
low densities. For these reasons the viscous effects in the center of
the stream are prohably not the main cause of the loss in total pressure.
Scme reduction in heat transfer to the nozzle blocks should be expected
t0 result from the lower density. This reduction would cause only a
very emall decrease in Mach number as ccompared with the change that
oceurs from 12 to 3 atmospheres.

Calibration sﬁrveys.— In order to determine the flow characteristics

in the nozzle, stagoation conditions were maintained at about 25 atmos-
pheres and approximately 1200° R. The dew point at atmospheric pressure
wag less than 400° R. Al1 data presented were taken 60 seconds from the
beginning of the runs in order to minimize the effect of nozzle warpage
with time. The warpage of the first minimmm during the heated runs 1s,
of course, affected by several factors such as the stagnation temperature,
the initial temperature of the nozzle blocks, stsgmnation pressure, and
even the variation of the temperature and pressure with time. In general,
for the calibration runs, these conditione do not wvery greatly so that
thelr individuel effects are small; however, scatter in the data results.
The first several runs made with the nozzle have not been used because of
difficulty in repeating the data. The nozzle was probably ascquiring the
permanent set in the throat region duwring these first runs, and therefore
progressive changes in the flow occurred.

[
-
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Static pressures were measured at a large number of points on the
parallel walle of the nozzle, The results of this survey are presented
as pressure contour lines in the lower half of figure 6., For comparison
the theoretical contours are shown in the upper half of the figure, The
orifice locations are indicated by small crosses. .

The actual contour lines upstream from the region of %w_ =3 X 10“1"
0

are in good agreement with the theoretical contours. Downstream from
this region the flow deviates from the theoretical flow. However, the
gradients are relatively small in this region and the contour plot over-
emphasizes the deviations. Since boundary layer was ignored in the nozzle
design, the flow is not expected to conform exactly to the potential flow,
Dovnstream from X = 45 the gradients may be influenced slightly by
small lesks in the walls of the nozzle. These leaks had no effect in

the central portion of the stream in the region of the test section
because of the small Mach angles of the flow.

The Mach number sglong the center line of the parallel walls- was
determined from Pw/Po for ¥ = 1.400. The resulting Mach number dis-
tribution is plotted in figure T, which includes the theoretical dis-
tribution. The Mach number decreases as the test section is approached
and is always lower than the maximum theoretical Mach number.

Static and lwmpact pressures were measured along & parl: of the
longitudinal axis of the nozzle. This survey extended ‘from the center
of the test section (55.8,0,0) to a point sbout 16 inches upstream. The
data are presented in figure 8 as the ratio of local pressure to settling-
chamber pressure. Comparison of the Mach number &lstributions as obtained
from p;/p, and pg/p, shows close agreement. This agreement indicates
that the flow along the axis is nearly isentropic; however, the wavy
-distribution indicates that a series of weal compress:l.on and expansion
waves are present along the center line.

Complete surveys were made of the static and impact pressyres in
the plane perpendicular to the longitudinal exis of the nozzle at :
X = 55,8, The results of the horizontal surveys at Z =1, -1, and O
are shown in figure 9. The results of the vertical surveys at Y = 2,
0, and -2 gre shown in figure 10. The faired curves represent averages
of a large number of runs. .

Most of the static-pressure data show an appreclable amount of
scatter. Since the static pressure is very low (about 0.2 in..Hg),
about 3-percent error 'is due to instrumentation difficulties and meas-
uring technique. Much of the remaining scatter is due to the sensitivity
of the flow to small changes in the boundaries at the narrow slitlike
throat. Factors that cause these changes have been discussed previously.

.......
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The impact-pressure distributions in figure 9 indicate the presence
of a boundary-layer development which seems o be tharacteristic of two- -
dimensional nozzles. This type of boundary-layer development is the low-
velocity region that extends farther into the flow along the center line
of the side plates than on either slde of the center line, - The same "type
of boundary-layer development was encountered in the first expansion of
the two-stage nozzle (reference 1).

The Mach number distributions in the test section are presented in
figures 1l.and 12 as calculated fram the ratios pl/po s Pt/Po s and

Pl/Pt- The last ratio :I.mrolves .only local messurements and its use to
determine the Mach number does not require any assumptions regarding the
character of the flow in the nozzle. However, at high Mach numbers the
function M(p3,pt) - is extremely sensitive to emall changes in the

ratio py/py. For this reason, if the flow is isentropic, the values

of M as obtained from p)/p, and py/p, may be more reliable. The

Mach mumber curves of figures 11 and 12 were computed from the faired
pressure curves (figs. 9 and 10). The Mach number distribution is
reasonably uniform in a region 6 inches high by 5 inches wide centered
on the axis of the tunnel. The average Mach mumber in this region is
sbout 6.86.- The good agreement between M(p;,p,) and M(p:,py). -in this

central region indicates that the flow is very nearly isentropic.

Flow-angle surveys were made in the YZ plane at X = 55 8. The
pressure differences across the opposite surfaces of a 10° wedge together
with the local Mach numbers from figures 11 and 12 were used to campute
the flow angles from the oblique-shock equations. Typical results are
shown in figure 13, in which a positive value of ¢} 1is taken as the .
horizontal flow deflection in the direction of increasing Y and a
prositive value of €, is the vertical flow deflection in the direction

of increasing Z. Figure 13(b) indicates that the flow diverges slightly
in the vertical direction from the tunnel axis.. This divergence is less
than 0.3° within a region nearly 5 inches square in the center of the test
section. Figure 13(a) shows a slight convergence toward the center at

-Z =0 and a slight divergence 2 inches above and below this station. In .

Pigure 13(b) the curves et Y =0 and Y = 2 appear to be asymmetrical
in regerd to the line of ¢, = 0. This effect is due primarily to
inaccuracies” in construction of the wedge. These inaccuracies and the
errors in setting ‘the angle of attack resulted in a maximm error of
about 0,29 in the flow-angle data.

Stagnation-temperature surveys were made in the YZ plane at X = 55,8.
The results of these surveys are presented in figure 1% as the ratios of
the absolute stagnation temperature to the absclute settling-chamber
temperature. The figure indicates that an approximately constant temper-
ature recovery of 98 percent or better exists in a region wh:l.ch corresponds

s e me s e A - e ey e A ——— @ MR Ao = - - ———i = o
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roughly to the region of constant static and impact ‘pressures. The
sharp peake in the curves of Tg! /To for the horizontal center plane
(2 = 0) are apparently caused by the large amount of heat conducted
toward the free stream as & result of the large static-temperature
gradients between " ¥ = 2,75 and 3.5 at Z =0,

General discussion of the nozzle characteristice and correlation
of the deta.- The cénter-line distribution of impact pressures (fig. 8)
and the assumption of zerc flow angle along the center linme were used to
construct a characteristics net in & portion of the nozzle (fig. 15).
The net was extended to (55.8,0,2) by assuming that any additional dis-
turbance from the wall would not change the flow, as indicated in
figure-15. The results of the calculation are in agreement with the
irpact-pressure and flow-angle data at (55.8,0,Z) within the scatter of
the deta. Since the assumptions in regard to two-dimensional flow may
not be strictly correct and since the accuracy and extent of the data
are limited, the agreement obtained by this method may be subject to
qualification.

Boundsry-layer growth along the nozzle contour was calculated by
using a -]-'-—power velocity profile and the deneity and kinematic viscosity

at the wall to evaluate the local skin-friction coefficient. The pres-
sure gradient based on the*potential flow.* 3 used. These calculations
resulted in a value for & of about 0.6 inch at X = 55.8. Integra-
tion of the survey data gave an acgtual value of 5% between 0.70 and
"0.75 inch, depending on the temperature profile assumed. The calcula-
tion also indicated that the boundary-layer growth is approximately
linear at an average angle of 0.7° with respect to the surface.

The resuvits from stream static- and impact-pressure surveys along
the axis of the nozzle indicate the presence of a series of compression
and expansion waves., The effects of these waves are difficuit to meas-
ure In the YZ plane because of the small Mach angles. ' The total-pressure
loss end effect of the waves on the flow are negligibly small at normal
operating pressures. As "bhe settling-chamber pressure is decreased, a
loss in total pressure as’indicated by the magnitude of the decrease in
Mach number is noted.

At normal operating pressures the nozzle produces an isentropic-
flow region 6 inches high.by 5 inches wide where the maximm variation
from the average Mach number of 6.86 is about 1 percent. The angular
deviations from parallel flow in this region are less then 1 and in a
region nearly 5 inchee square flow angles were less then 0. 39, Studies
indicated .that the flow was sensitive to changes :l.n the boundary at the
slitlike throat.

. Comparison of the results from the single-sta.ge nozzle w:l.th those
from the two-stage nozzle (reference 1) shows that the single-stage
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nozzle is far superior in all respects except in the variation of Mach
number with time, The two-stage nozzle with its nearly square first
minimm did not suffer from first-minimm boundary change with heating
of the nozzle blocks and consequently had no variation of Mach number
with time, The more uniform flow and flow angles on the order of 1/10
of those in the two-stage nozzle mske the single-stage nozzle more suit-
able for use at this Mach number.

Significant Improvement of the flow in this nozzle could probably
be obtained by correcting the nozzle contour for boundary layer. Refine-.
ments of this nature are not warranted, however, until the more pronounced
warpage effects have been eliminated.

CONCLUDING REMARKS

Flow surveys made in the Langley 1ll-inch hypersonic tunnel have
shown that a single-expansion nozzle produces reasonably uniform flow
with an average free-stream Mach number of 6.86. The nozzle was designed
for a Mach mmber of 7.08 by the method of characteristics with no
boundary-layer corrections, Calibration surveys were made at a stagna-
tion pressure of 25 atmospheres and a stagnation temperature of 1210° R.
Isentropic flow was obtained at the test section in a region approxi-
mately 6 inches high by 5 inches wide where the maximum deviation from
the average Mach number was about 1 percent. The angular flow derlec-
tions in this region were less than 19, and in-a. region nearly S :anhes
square the flow deflections were less than 0.3°.

-

The test-section Mach number was found. to increase about 3 percent
from the beginning to the end of a 60-second test run, This variation
was found to be csused primarily by warpage of the nozzle blocks near
" the throat of the nozzle due to large temperature gradients. .

Decreasing the settling-chamber pressure had no appreciable effect
on the Mach mumber distributions until the pressure was decreased below
12 atmospheres. Below 12 atmospheres the Mach-mumber decreased rapidly
with decreasing settling-chamber pressure.

Langley Aeronautical Laboratory
National Advisory Commlttee for Aeronsutics

Langley Field, Va., September 25, 1950
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TABLE I

NOZZLE DESIGN COORDINATES
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Figure l.- View of the nozzle with side Plate removed with the wedge Burvey
Probe shown mounted in the test section.
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Figure 2.~ Cutaway view of a part of the nozzle with the type of
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Figure k.- Results from a typiéal test on the nozzle.
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Flgure 13.- Flow angles at X = 55.8.
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Figure 1lh.- Results of gtagnation-temperature surveys at X = 55.8.
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